Abstract. The effects of temperature and strain rate on flow stress of a highly ductile acrylic adhesive were investigated by performing tensile lap shear experiments on an adhesively bonded single-lap joint, as well as torsion experiments on a tubular butt-joint at temperatures ranging from 10 to 40 o C at various shear strain rates. The flow stress decreases considerably with decreasing strain rate and with temperature rise. The stress-strain responses under multi-axial stress conditions were also examined by performing combined tension-torsion experiments on the butt-joint. A constitutive model of temperature-dependent elasto-viscoplasticity that describes multi-axial stress-strain behavior of the adhesive is presented.
Introduction
Recently, acrylic-type structural adhesives with high ductility, as well as high strength, have been developed and are put on the market. This type of adhesive will have a wide variety of industrial applications, such as vibration damping sandwich sheets, new press-forming technology of adhesively bonded sheet metals [1] [2] [3] [4] , etc.. To design appropriate joining structures and select a proper adhesive for them, it is of vital importance to know the mechanical properties of adhesives in terms of strength and ductility [5] . For an acrylic adhesive, the present authors [6] have investigated the rate sensitivity in flow stress and ductility by performing tensile lap shear experiments, and proposed a constitutive model of elasto-viscoplasticity. Moreover, stress-strain responses under multiaxial stress condition have been examined by conducting combined tension-torsion experiments on adhesively bonded tubular butt-joint at room temperature [7] .
In the present paper, as a series of work on the elasto-viscoplastic deformation of the acrylic adhesive and its modeling, the combined effects of temperature and strain rate are discussed based on the experimental results of tensile lap shearing of an adhesively bonded single-lap joint, as well as combined tension-torsion of a tubular butt-joint, tested at temperatures of 10-40 o C. To describe multi-axial stress-strain behavior of the adhesive at various temperatures, a constitutive model of temperature-dependent elasto-viscoplasticity is presented.
Experimental procedures
The adhesive employed in the present work was an acrylic adhesive M-372-20 Hardrock (Denki Kagaku Kogyo, Co. Ltd.). This adhesive has high ductility as well as high strength of the same level as conventional epoxy adhesives. The following two types of experiments were conducted: -tensile lap shear experiment of a single-lap joint (see Fig. 1 ), -combined tension-torsion experiment of a tubular butt-joint (see Fig. 2 ). The material of the specimens was aluminum alloy (A5052). For both specimens, the thickness of adhesive layer was controlled so as to have a value of 0.1mm. The surfaces of the specimens had been polished with sandpaper #150 and then cleaned with acetone. The adherends were bonded at a temperature of 20 ± 2 o C with the humidity of 60 ± 10%. The specimens were tested in a chamber of which inside was temperature-controlled by the Peltier system. Tested temperatures of 10, 20, 30 and 40 o C were chosen.
The experiment apparatus for combined tension-torsion experiment is schematically illustrated in Fig. 2 . Using a multi-axial stress testing machine, combined axial load and torsion were applied to the specimen. In this experiment, first a prescribed axial load had been imposed to a specimen by stress control, and then torsion was applied by torsion-speed control. To investigate the effects of stress multi-axiality and strain rate, five levels of axial stresses: σ = 0, 4, 8, 10 and 12 MPa, and three levels of shear strain rates: γ = & 0.002, 0.02 and 0.2 s -1 , were chosen. Tensile loads and torques were measured with load cells. The shear deformation of the adhesive layers (the relative displacement between upper and lower adherends of the specimen) was measured with a clip-on torsion-displacement detector. To ensure the accuracy of the displacement measurement, the relative displacement of 1-mm pitch lines, painted on each surface of the adherend, was directly observed with a microscope of magnifying power 100, and the pictures were recorded on video.
The stress distributions in the adhesive layer, both for axial and shear stresses, are not uniform, since shear strain varies almost linearly with the distance from the axis, and furthermore, especially under tension the stress concentration will appear at the edge of the specimen because of the deformation constraint. However, stress non-uniformity of this adhesive would not be so strong because of its highly visco-plastic nature. Therefore, in the present work, as a first approximation, axial stress σ and shear stress τ , for a given axial load P and torque T, were calculated as follows 
where a t is the thickness of the adhesive layer, Θ and Θ & are the relative torsion angle between a pair of the adherents and its rate.
Experimental Results
In this experiment, all the specimens fractured in fully cohesive type. Therefore, our attention will be paid to the strength and ductility of adhesive itself, but not to the adhesive/metal interface.
Shear stress-strain curves of the adhesive measured in tensile lap shear experiments at various strain rates are illustrated in From these figures, it is seen that this adhesive has high rate sensitivity in shear flow stress, i.e., as the shear strain rate increases the shear stress drastically increases. One of the characteristics of the stress-strain curves is that the strain-hardening, / d d τ γ , becomes slightly higher with increasing strain rate. The flow stress is extremely sensitive to tested temperature, i.e., it decreases with shear experiment. Shear stresses τ decrease with increasing normal stress σ for both temperature conditions. Here, it should be noted that the effect of normal stress σ on the decrease of shear flow stress τ is stronger at lower shear strain rate. This is because the stress multi-axiality, / σ τ , is much higher at lower strain rate because of the rate-sensitivity in flow stress. Furthermore, the anisotropy of the adhesive may affect. This point will be discussed based on the numerical simulation in the following section of this paper.
About the effect of stress multi-axiality on the ductility of the adhesive, it should be mentioned that the shear ductility, which is measured by fracture shear strain, decreases with increasing normal stress, as clearly shown in Figs 5(a) and (b) .
A Model of Elasto-Viscoplasticity to Describe Effects of Strain Rate and Temperature
Constitutive model. Two of the present authors (M. Takiguchi and F. Yoshida [6] ) proposed a constitutive model of viscoplasticity in a form of shear stress-strain relationship. The present authors 
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have extended this uniaxial model to τ σ − multi-axial model which takes into account the anisotropy of adhesive, as follows [7] .
The strain rates γ& and ε& are decomposed into elastic and plastic part as 
where D, a, b, k and m are material parameters. In the Eq. (11) the term of (1 ) a D kγ + represents the overstress value when shear strain rate is infinite. Consequently, a constitutive equation of viscoplasticity is expressed by the equation:
Based on the flow rule in plasticity theory, viscoplastic strain components are given by the equations:
To describe the temperature effect, in the present paper, we assume that elastic moduli: G and E, and material parameters C in Eq. (10) Verification of the model. All the material parameters were determined by fitting the numerical results of shear stress-strain curves to the corresponding experimental results. These parameters are listed in Table 1 . In Figs 3 and 5 the shear stress-strain curves calculated by this model are drawn. Here, the anisotropic parameter is determined as A =3.7. The predictions of flow stress at 1.0 γ = are shown in Fig. 4 . From these it is found that the calculated results are in good agreement with the corresponding experimental data. Hence, it is verified that the present model of elasto-viscoplasticity describes well the strain-rate and temperature dependencies of stress-strain responses both under uniaxial and multiaxial stress conditions. In the present study, the effects of strain rate and temperature on the flow stress of a highly ductile acrylic adhesive were investigated. The summary of the present work are as follows.
(1) The flow stress decreases considerably with decreasing strain rate and with temperature rise.
(2) Under τ σ − combined stress conditions, shear flow stress τ decreases with increasing normal stress σ . The effect of normal stress on the decrease of shear flow stress is more dominant at lower shear strain rate. The shear ductility becomes considerably lower with increasing normal stress. (3) A constitutive model of temperature-dependent elasto-viscoplasticity that describes multi-axial stress-strain behavior of the adhesive is presented. The accuracy of this model has been verified by comparing the calculated results of shear stress and strain responses with the corresponding experimental data under various conditions of strain rate, temperature and stress multi-axiality.
